We consider the bandwidth optimization problem in a Generalized Processor Sharing (GPS) server to minimize the total bandwidth such that QoS requirements for each class queue are satisfied. Our previous optimization algorithm [6] requires rather long optimization time to solve the problem. We propose a new optimization algorithm based on weight vector adjustment. Numerical results show that the required time to find the optimal resource in GPS servers is significantly reduced, compared to the previous algorithm.
Introduction
Generalized Processor Sharing (GPS) scheduling is workconserving and we can guarantee minimum bandwidth to each queue without starvation [1] . In GPS scheduling, an optimal bandwidth and weight assignment is important in order to support different QoS requirements for multiple classes and to minimize the required bandwidth. Guillemin et al. [2] evaluated the performance of weighted fair queueing (WFQ) with two classes of customers according to Poisson processes and exponential service times, using the joint probability generating function of the customers. Urvoy et al. [3] proposed a weight assignment policy, called Effective Bandwidth Based Processor Sharing (EBBPS) based on the deterministic effective bandwidth in a GPS server, and Panagakis et al. [4] proposed a weight assignment algorithm for leaky-bucket constrained sessions and Markovian traffic models for a GPS server. However, these studies did not properly model the traffic characteristics and QoS requirements for Internet traffic exhibiting long range dependent characteristics [5] .
We proposed an optimization algorithm for guaranteed bandwidth vector in GPS servers [6] . Our objective was to minimize the total bandwidth, while satisfying QoS requirements for each class queue. Since it is difficult to analytically evaluate the performance for Internet traffic, performance measures were evaluated mainly using simulation. Our previous algorithm [6] was based on an exterior penalty function method. The optimized guaranteed bandwidth vector is searched repeatedly in the direction of conjugate gra- However, the optimization algorithm requires long time to converge because it needs many simulations to obtain the direction vector and step size.
In this paper, we propose a simple and novel optimization algorithm for GPS servers. The proposed algorithm can find an optimized bandwidth and weight vector more efficiently without taking the derivative functions. In numerical results, we show that the proposed optimization algorithm can find the optimized parameters faster and obtain more accurate results, compared to those in [6] .
Bandwidth Optimization in GPS Servers
Suppose n class queues are served in a GPS system. Let φ i be the allocated weight of the i-th GPS queue and Φ = (φ 1 , φ 2 , . . . , φ n ), where
The i-th class of GPS queue has a proportion φ i of the total bandwidth C. Then, the Generalized Processor Sharing (GPS) system can be defined as follows:
where S i (τ, t) is the served traffic amount of the i-th class queue during [τ, t) [1] . Each class queue may have different QoS requirements. Table 1 shows several QoS parameters and their requirements of the i-th class queue.
The optimization problem in GPS scheduling is formulated as follows: 
We assume that traffic patterns are given with adequate traffic modeling or traffic traces. Then, the performance for each class queue is determined by the total bandwidth C and the allocated weight vector Φ. Let S denote the set of class queues which satisfy all the constraints and let V denote the set of class queues which violate some constraints.
We introduce a direction vector w = (w 1 , . . . , w n ) as follows:
where
and w = 1. We consider two GPS servers X and Y with GPS parameters (C, Φ) and (C, Φ + ∆Φ), respectively, where Φ = (φ 1 , . . . , φ n ) and ∆Φ = (∆φ 1 , . . . , ∆φ n ). We assume that ∆Φ = Γw and Γ > 0. It can be easily shown that if 
Proof) Let B denote the set of backlogged queues. Then, the allocated bandwidths for class i in X and Y are expressed as follows:
Using the definition of w i in (4), the above proposition can be easily proved.
Suppose that Γ → 0+. Then, ∆Φ 1 and backlogged queues for X and Y are the same during most of simulation time. This means that Proposition 1 holds during most of simulation time. Therefore, it can be inferred Input: initial GPS parameters (C, Φ), an initial step size Γ, a termination criterion , a set of GPS queues
S ← set of classes that satisfy all QoS requirements with (C, Φ); V ← set of classes that violate some QoS requirements with (C, Φ);
Algorithm 1: Optimization Algorithm in a GPS System that, in the direction of w, the performance measures become worse for a class i in S, and they become better for a class i in V. Suppose a total bandwidth C is given. Through repeated searches in the direction of w, we can find Φ such that all performance requirements are satisfied or all performance requirements are violated. Now, we describe the optimization algorithm shown in Algorithm 1. With given the total bandwidth C, we repeatedly adjust the weight vector Φ in the direction of w if both S and V are non-empty sets. Note that the total bandwidth does not change in the direction of w. If the performance requirements for all classes are satisfied, we set C to C U . On the other hand, if the performance requirements for all classes are violated, we set C to C L . Then, the algorithm proceeds with the total bandwidth of C = (C U + C L )/2. In this way, the algorithm searches the total bandwidth using a binary search.
Let Γ {l} denote the step size in the l-th iteration. If the step size is small, the convergence speed becomes slow. On the other hand, if the step size is large, oscillation may occur near the optimum. The step size is nonincreasing as the number of iterations increases. By examining the history of weight vector movement, we can determine if an oscillation occurs. If the oscillation does not occur, the step size remains constant. Suppose that Γ {m−1} > Γ {m} = . . . = Γ {l} . We consider the movement at the l-th iteration as the oscillation if there exists k such that
where η is an oscillation criterion factor and we set η < 1.
If an oscillation occurs, we reduce the step size Γ {l+1} by a factor of F s .
We repeat the iterations until the total bandwidth converges with the following criterion:
where denotes the iteration termination criterion.
Numerical Results
We consider four scenarios, Scenarios 1, 2, 3, and 4 in GPS servers, where the number of queues are 4, 6, 8 and 10, respectively. We use fractional Gaussian noise (fGn) traffic models for different input traffic classes, and adopt a method based on the discrete time Fourier transform (DTFT) for synthesizing fGn sequence [7] . For the i-th class of the scenario with n queues, the mean arrival rate is given as
and the standard deviation of traffic amounts during a unit time interval with length δ = 0.1 s is set to the mean amount during the same unit time, and the hurst parameter is set to 0.80. We use the fluid simulation in [8] to obtain performance measures when GPS parameters (C, Φ) are given. We use the QoS requirements in Table 2 , where each class has different QoS requirements. We consider an infinite buffer system, and the loss probability is approximated as the buffer overflow probability where the buffer threshold is 200 kbytes. We use the following optimization parameters. The initial step size Γ is set to 0.1 and the termination criterion is set to 10 −4 . The step size factor F s and η are set to 2 and 0.5, respectively. The length of the generated sequences is 2 16 and the unit time is 0.1 s. The results are obtained using a Pentium 4, 2.4 GHz computer. Figure 1 shows the convergence of the total bandwidth and the weight values as the number of iterations increases. Figure 2 shows that the accuracy increases exponentially as the optimization time increases. Thus, we can terminate the optimization procedure at an arbitrary accuracy level.
In order to find out the effect of the initial values, we plot the weight values starting from 100 random initial values in Scenario 1 as shown in Fig. 3 . The weights converge to the same values regardless of the initial parameter value Φ. We can also find that the allocated total bandwidth is identical for every trial. For Scenario 1, we perform ten trials, in which fGn traces are generated using different seed values. Table 3 shows the 95% confidence intervals for the mean values of the optimized GPS parameters in Scenario 1. Finally, we compare the proposed algorithm with the previous algorithm [6] , where, for the parameters of the previous algorithm, the penalty factor is initially 10 3 and multiplied by 10 after n iterations until |∆C| < , where n is the number of classes and is set to 10 −4 . Table 4 shows that the proposed algorithm greatly reduces the convergence time with the same accuracy compared to the previous method.
Conclusions
In this paper, we investigate how to find the optimized bandwidth and weight vector in a GPS server with multiple service classes. We proposed a new optimization algorithm based on weight vector adjustment, which can find the optimized resource regardless of the initial parameter values. The required optimization time is significantly reduced, compared to the previous algorithm [6] . We expect that the proposed algorithm can be applied to various scheduling environments to find the optimized resource while satisfying various QoS requirements expressed in terms of average delay, delay jitter, and loss probability.
